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0 An optical waveguide device and a method for fabricating the same. 



© An optical waveguide device including a support 
substrate (e.g. LiNbOa, glass, silicon, Guts. luP), a 
glass substrate, and a thin film layer fornned on at 
least one of the substrates, If required. The support 
substrate and the glass substrate are bonded 
through direct bonding, and the glass substrate in- 
cludes an optical waveguide as a part thereof, A 
layer having a refractive index lower than that of the 
glass substrate nnay be formed on the glass sub- 
strate. A method for fabricating such an optical 
waveguide device is also provided. 
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BACKGROUND OF THE INVENTION 

1. Field of the Invention: 

The present invention relates to an optical 
waveguide device in which a glass optical 
waveguide is integrally formed on a dielectric or 
senniconductor substrate. 

2. Description of the Related Art: 

As optical waveguide devices, there are con- 
ventionally known an optical waveguide serving as 
a passage for tight transmission, an optical modula- 
tor for modulating the intensity and phase of light 
propagating in the optical waveguide (hereinafter, 
such light is referred to as waveguide light), an 
optical switch for switching on/off the waveguide 
light, a waveguide type optical amplifier for am- 
plifying light, and an optical phase matching de- 
vice. 

These conventional optical waveguide devices 
are described, for example, in R. Alferness. 
"Waveguide Electrooptic Modulators", IEEE Trans- 
actions on Microwave and Techniques, Vol. MTT- 
30. No. 8 pp. 1121-1137 (1982). 

These optical waveguide devices are fabricated 
by forming on optical waveguide on a dielectric 
substrate, a glass substrate, or a semiconductor 
substrate. I. Kaminow, "Optical Waveguide Modula- 
tors", IEEE Transactions on Microwave and Tech- 
niques. Vol. MTT-23. No. 1. pp. 57-70 (1975) de- 
scribes various conventional methods for fabricat- 
ing these optical waveguide devices. 

For example, the above mentioned document 
describes fabricating methods in which an optical 
waveguide is formed on a dielectric substrate, es- 
pecially a dielectric substrate having an electroop- 
tic effect. Examples of these methods include: a 
method in which Ti is diffused in a substrate made 
of lithium niobate or the like and the Ti-diffused 
portion is used as the optical waveguide; a method 
in which a crystal of lithium niobate is grown on a 
substrate made of lithium tantalate by epitaxy and 
the crystal is used as the optical waveguide: and a 
method in which a thin film of lithium niobate is 
formed on a substrate made of lithium niobate or 
lithium tantalate by sputtering and the thin film is 
used as the optical waveguide. 

The optical waveguide device fabricated as de- 
scribed above using a dielectric substrate is ad- 
vantageous in that it responds at high speed and 
that the electrical control of the waveguide light is 
easy. It is therefore used as a high-speed optical 
modulator. However, since the shape, size, and 
diffractive index of the optical waveguide at its 
coupling portion greatly differs from those of an 
optical fiber to be coupled, the loss of light at the 



coupling of the optical waveguide with the optical 
fiber (hereinafter, referred to as the "coupling 
loss") is great. 

Other methods for fabricating the optical 

5 waveguide device in which an optical waveguide 
made of glass or quartz is formed on a semicon- 
ductor substrate or other various types of sub- 
strates are also known. Examples of these methods 
include: a method in which a silicon oxide film is 

10 formed on a semiconductor substrate made of Si 
by thermal oxidation and then an optical waveguide 
is formed on the silicon oxide film; and a method in 
which glass or quartz material is deposited on an 
Si substrate by various thin film technologies such 

/5 as sputtering, vacuum evaporation, chemical vapor 
deposition, flame hydrolysis deposition, and sol-gel 
transformation, and then an optical waveguide is 
formed on the deposited glass or quartz layer. 
For example, Japanese Laid-Open Patent Pub- 

20 lication No. 1-189614 discloses a structure fab- 
ricated by a flame hydrolysis deposition method 
which includes the steps of: forming a clad layer 
made of glass or the like having a refractive index 
lower than an optical waveguide to be formed in a 

25 later step, forming a layer (core portion) made of 
glass or quartz material having a refractive index 
higher than the clad layer on the clad layer, and, if 
required, forming another clad layer having a re- 
fractive index lower than the core portion on the 

30 core portion, thereby controlling the confinement of 
light into the core portion. This structure allows 
light to be substantially completely confined in the 
core portion, and thus can be used as an optical 
waveguide device. 

35 The above optical waveguide device fabricated 

by the thin film technology has problems as fol- 
lows: 

(1) Using glass or quartz material for the optical 
waveguide is preferable because, in general, the 

40 loss of light' during the propagation decreases as 
the purity and the solidity of the material are 
higher. However, in the thin film technology de- 
scribed above, it is generally difficult to control 
the quality and refractive index of a resultant 

45 thin film. Accordingly, it is difficult to obtain a 
core portion with a low loss of light during the 
propagation. 

(2) When the optical wav--';;uide is coupled with 
an optical fiber, the coui, loss is smaller as 

50 the shape and refractive index of the optical 
waveguide are closer to those of the optical 
fiber. However, the core diameter of a single- 
mode optical fiber is in the order of 10 um, and 
any thin film technology finds it difficult to form 

55 a high-quality, uniform thin film having a thick- 
ness as large as 10 um. Moreover, even when a 
material of the same composition as that of the 
optical fiber is used for the thin film, the refrac- 
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tive index of such a thin film formed by the thin 
film technology is not necessarily identical to 
that of the core portion of the optical fiber 
formed by the glass formation technology in- 
cluding melting and solidifying. Accordingly, it is 
difficult to match the refractive indices there- 
between. Furthermore, forming a thicker film by 
the thin film technology results in low productiv- 
ity. In addition, since the variation of materials 
available for the thin film is greatly limited, the 
function and design for the optical waveguide is 
limited. 

The fabricating method using the silicon oxide 
film formed on the Si substrate by thermal oxida- 
tion also has a problem. Since the oxide film is 
formed at a rate of 0.1 um/hour at 1000' C. it takes 
a long time to form a thick film, which also lowers 
the productivity. 

U.S. Patent No. 5,193,137 discloses a structure 
in which a glass optical waveguide is formed on a 
glass substrate. More specifically, a quartz glass 
core portion is formed on a quartz glass substrate 
with a glass layer having a low refractive index 
interposed therebetween. 

The above glass optical waveguide device is 
advantageous in that, since the shape, size, and 
refractive index thereof can be easily matched with 
those of an optical fiber, the coupling loss of the 
optical waveguide with a typical quartz optical fiber 
can be reduced. However, since glass itself does 
not have the electrooptic effect, the electrical con- 
trol of the waveguide light is impossible by this 
glass optical waveguide device. To overcome this 
problem, there is proposed a method of controlling 
the waveguide light by using a change in the 
refractive index caused by heating or the like. 
However, the response speed of the resultant de- 
vice is critically low compared with that of the 
device using the electrooptic effect. 

There is also known a glass optical waveguide 
device in which an optical waveguide is formed by 
changing the refractive index by diffusing metal. In 
such a device, however, the shape at the coupling 
portion of the optical waveguide is less symmetri- 
cal, and therefore is not so effective in reducing the 
coupling loss with the optical fiber. Moreover, in the 
optical waveguide formed by metal diffusion, the 
loss of light during the propagation increases due 
to the diffused metal. 

SUMMARY OF THE INVENTION 

The optical waveguide device of the present 
invention includes: a support substrate and a glass 
substrate bonded through direct bonding with the 
support substrate, wherein the glass substrate in- 
cludes an optical waveguide as part thereof. 



According to another aspect of the present 
invention, the optical waveguide device includes: a 
support substrate, a glass substrate, and a thin film 
layer formed on a surface of at least one of the 
5 support substrate and the glass substrate, wherein 
the support substrate and the glass substrate are 
bonded through direct bonding with each other 
through the thin film layer, and the glass substrate 
includes an optical waveguide as part thereof. 
w In one embodiment of the invention, the sup- 

port substrate is a dielectric substrate. 

In another embodiment of the invention, the 
dielectric substrate has an electrooptic effect. 

In another embodiment of the invention, the 
/5 dielectric substrate is made of lithium niobate or 
lithium tantalate. 

In another embodiment of the invention, the 
support substrate is a glass substrate. 

In another embodiment of the invention, the 
20 support substrate is a semiconductor substrate. 

In another embodiment of the invention, the 
semiconductor substrate is made of silicon. 

In another enrlbodiment of the invention, the 
semiconductor substrate is made of a lll-V group 
25 compound semiconductor. 

In another embodiment of the invention, the 
semiconductor substrate is made of GaAs. 

In another embodiment of the invention, the 
semiconductor substrate is made of InP. 
30 In another embodiment of the invention, the 

thin film layer is a silicon layer. 

In another embodiment of the invention, the 
thin film layer is a silicon compound layer. 

In another embodiment of the invention, the 
35 silicon compound layer is made of silicon oxide. 

In another embodiment of the invention, the 
silicon compound layer is made of silicon nitride. 

In another embodiment of the invention, the 
refractive index of the thin film layer is lower than 
40 that of the glass substrate. 

In another embodiment of the invention, the 
silicon layer is made of amorphous silicon. 

In another embodiment of the invention, the 
silicon layer is made of polysilicon. 
45 In another embodiment of the invention, a layer 

having a refractive index lower than that of the 
glass substrate is formed on a surface of the glass 
substrate, and the layer is bonded through direct 
bonding with the support substrate. 
50 In another embodiment of the invention, a layer 

having a refractive index lower than that of the 
glass substrate is formed on a surface of the glass 
substrate, and the layer is bonded through direct 
bonding with the support substrate. 
55 In another embodiment of the invention, the 

support substrate and the optical waveguide in the 
glass substrate are optically coupled with each 
other. 
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In another embodiment of the invention, the 
support substrate and the optical waveguide in the 
glass substrate are optically coupled with each 
other. 

In another embodiment of the invention, the 
optical coupling between the support substrate and 
the optical waveguide in the glass substrate is 
effected by an optical directional coupler com- 
posed of the optical waveguide in the glass sub- 
strate and an optical waveguide formed in the 
support substrate. 

In another embodiment of the invention, the 
optical coupling between the support substrate and 
the optical waveguide in the glass substrate is 
effected by an end reflecting portion formed at the 
optical waveguide in the glass substrate. 

In another embodiment of the invention, an 
optical device is formed in the support substrate. 

In another embodiment of the invention, an 
electronic device and/or an optical device is formed 
in the semiconductor substrate. 

In another embodiment of the invention, the 
refractive index of the glass substrate as the sup- 
port substrate is lower than that of the glass sub- 
strate having the optical waveguide. 

The method for fabricating an optical 
waveguide device of the invention includes the 
steps of: providing a support substrate having a 
first surface and a second surface opposing each 
other and a glass substrate having a first surface 
and a second surface opposing each other; expos- 
ing at least one of the first surface of the support 
substrate and the second surface of the glass 
substrate to a hydrophilic treatment; attaching the 
first surface of the support substrate and the sec- 
ond surface of the glass substrate to each other; 
heating the attached support substrate and the 
glass substrate; thinning the glass substrate; and 
forming an optical waveguide in the thinned glass 
substrate. 

In one embodiment of the invention, the meth- 
od for fabricating an optical waveguide device fur- 
ther includes before the hydrophilic treatment a 
step of: forming a thin film layer on at least one of 
the first surface of the support substrate and the 
second surface of the glass substrate. 

In another embodiment of the invention, the - 
thin film layer is a silicon layer or a silicon com- 
pound layer. 

Thus, the invention described herein makes 
possible the advantages of (1) providing an optical 
waveguide device with a reduced loss of light dur- 
ing the propagation and a reduced loss of light at 
coupling thereof with an optical fiber which is ca- 
pable of being integrated with other optical device 
and electronic device, and (2) providing a method 
for fabricating such an optical waveguide device. 



These and other advantages of the present 
invention will become apparent to those skilled in 
the art upon reading and understanding the follow- 
ing detailed description with reference to the ac- 
5 companying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a structural view of a first example 
w of the optical waveguide device according to the 
present invention. 

Figures 2A to 2C are models illustrating the 
mechanism of the direct bonding according to the 
present invention. 
/5 Figures 3 to 21 are structural views of second 

to twentieth examples of the optical waveguide 
device according to the present invention, respec- 
tively. 

Figure 22 is a production flow chart of a 
20 fabricating method according to the present inven- 
tion. 

DESCRIPTION OF THE PREFERRED EMBODI- 



25 



MENTS 

The present invention will be described by way 
of example with reference to the accompanying 
drawings as follows. 



30 Example 1 

A first example of the optical waveguid.e device 
according to the present invention is shown in 
Figure 1. Referring to Figure 1, an optical 

35 waveguide device of this example comprises a 
support substrate 1 and a glass substrate 2. The 
glass substrate 2 includes an optical waveguide 
portion 3 as part thereof on one surface. A low 
refractive index layer 4 is a glass layer or other thin 

40 film formed in advance on the other surface of the 
glass substrate 2, and has a refractive index lower 
than that of the glass substrate 2. The low refrac- 
tive index layer 4 can be formed by a conventional 
thin film technology. The low refractive index layer 

45 4 is bonded through direct bonding with a support 
substrate 1. 

Referring to Figures 2A to 2C, the direct bond- 
ing will be described. 

When surfaces of substrates are sufficiently 

50 cleaned, being subjected to a hydrophilic treat- 
ment, and immersed in pure water, a number of 
hydroxyl groups are formed on the surfaces of the 
substrates, as shown in Figure 2A. The hydroxyl 
groups on the surfaces generally have a targe 

55 dipole moment. When the substrates are attached 
to each other under this condition, they are firmly 
bonded through direct bonding by the hydrogen 
bond formed among the hydroxyl groups. Water 
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molecules adsorbed onto the surface hydroxyl 
groups may bridge this bonding. The density of the 
surface hydroxyl groups generated by the hydro- 
philic treatment, the amount of adsorbed water, and 
the magnitude of the dipole moment of the surface 
hydroxyl groups depend upon the materials of the 
substrates to be treated. 

When the bonded substrates are heated, the 
adsorbed water molecules are gradually desorbed 
from the bonded interface, as shown in Figure 2B. 
As the heating temperature rises, the water mol- 
ecules are further desorbed to form the hydrogen 
bond between the surface hydroxyl groups and the 
hydroxyl groups are increasingly condensed to 
form the covalent bond, which further strengthens 
the bonding. The temperature at which the ad- 
sorbed water is desorbed and that at which the 
hydroxyl groups are condensed depend upon the 
magnitude of the dipole moment of the surface 
hydroxyl groups etc.. which in turn depends upon 
the materials of the substrates. The hydrogen bond 
and the covalent bond may coexist as shown in 
Figures 2A to 2C. 

The strength of the direct bonding depends 
upon the materials to be bonded as described 
above. After intensive studies on direct bonding for 
various materials, it has been found that various 
types of dielectric and semiconductor substrates 
can be bonded through direct bonding with a glass 
substrate having a bonding strength durable to a 
practical use by treating the surfaces thereof in the 
above-described manner; that is. cleaning the sur- 
faces of the substrates, exposing the surfaces to an 
appropriate hydrophilic treatment, immersing the 
treated surfaces in pure water, attaching the treated 
surfaces to each other, and then heating the inter- 
face. The hydrophilic treatment may be effected on 
only one of the surfaces to be bonded. As for a 
glass substrate which contains silicon capable of 
forming a strong covalent bond, the bonding 
strength is greater than substrates made of other 
materials. For example, the glass substrate with the 
bonding strength as great as several tens of kilo- 
grams per cm2 can be obtained with excellent 
reproducibility when the interface is heated at 
300 ° C for approximately one hour. 

The bonded interface has been observed by a 
transmission electron microscope (TEM). As a re- 
sult, it has been found that the atom-level bonding 
has been achieved at the interface. No light scat- 
tering has been observed at the bonded interface. 

The above-described bonding is called the di- 
rect bonding because the bonding at the interface 
is achieved at the atom level and no additional 
material exists at the interface. 

The optical waveguide portion 3 which is a 
portion of the glass substrate 2 has a thickness a 
little greater than the other portion thereof. The 



effective refractive index of the optical waveguide 
portion 3 is therefore greater than the other thinner 
portion, so that light is confined in the optical 
waveguide portion 3 which can thus serve as the 
5 optical waveguide. 

The above-described optical waveguide device 
was fabricated using the materials and conditions 
as follows: 

Lithium niobate or lithium tantalate substrate 

w which is a dielectric substrate having the electroop- 
tic effect was used as the support substrate 1. 
High-purity quartz glass substrate having a refrac- 
tive index of approximately 1.45 for light having a 
wavelength band of 1,5 um was used as the glass 

/5 substrate 2. Glass having a low refractive index, 
silicon oxide, or silicon nitride having a refractive 
index as low as approximately 1.4 for the same 
wavelength band formed by sputtering, chemical 
vapor deposition, or the like was used as the low 

20 refractive index layer 4. The thicknesses of the 
support substrate 1, the low refractive index layer 
4, the glass substrate 2 except the optical 
waveguide portion 3, and the optical waveguide 
portion 3 were 450 um, 2 um, 4 um, and 10 um, 

25 respectively. 

The loss of light during the propagation of the 
resultant optical waveguide device was 0.05 dB/cm 
or less. The coupling loss at the coupling of the 
optical waveguide with an optical fiber was also 

30 measured by using a single-mode optical fiber 
having a core diameter of 10 um. The result was 
as low as 0.5 dB or less. 

When an adhesive agent is used for the bond- 
ing, but not the direct bonding, since the thickness 

35 of the adhesive agent cannot be precisely con- 
trolled, the bonded surfaces become less flat. As a 
result, the glass substrate and the dielectric sub- 
strate cannot be processed with high precision. 
Moreover, since an organic adhesive agent is less 

40 resistant against heat and chemicals, post-bonding 
processes allowable for the glass substrate and the 
dielectric substrate are limited. These problems are 
solved by using the direct bonding according to the 
present invention. Further, the optical waveguide 

45 device fabricated using the direct bonding is ex- 
cellent in reliability. 

Example 2 

50 A second example of the optical waveguide 

device according to the present invention is shown 
in Figure 3. Referring to Figure 3, components 
denoted by the reference numerals 1 to 4 and their 
functions are the same as those in Example 1. In 

55 addition to the structure of the optical waveguide 
device of Example 1, a silicon layer 5 made of 
amorphous silicon or polysilicon is formed on a 
surface of the support substrate 1. The silicon layer 
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5 can be formed by conventional thin film technol- 
ogy. The low refractive index layer 4 and the 
silicon layer 5 are bonded through direct bonding. 

The optical waveguide device of this example 
was fabricated using the same material and thick- 
ness for each component as those in Example 1. 
The silicon layer 5 was formed on the support 
substrate 1 to a thickness of 0.5 um. The loss of 
light during the propagation and the coupling loss 
with an optical fiber of the resultant optical 
waveguide device were measured under the same 
conditions as in Example 1. As a result, substan- 
tially the same favorable results as those in Exam- 
ple 1 were obtained. 

Example 3 

A third example of the optical waveguide de- 
vice according to the present invention is shown in 
Figure 4. Referring to Figure 4, components de- 
noted by the reference numerals 1 to 4 and their 
functions are the same as those in Example 1. In 
addition to the structure of the optical waveguide 
device of Example 1, a silicon compound layer 6 
made of silicon oxide or silicon nitride is formed on 
a surface of the support substrate 1. The silicon 
compound layer 6 can be formed by a conven- 
tional thin film technology. The low refractive index 
layer 4 and the silicon compound layer 6 are 
bonded through direct bonding. 

The optical waveguide device of this example 
was fabricated using the same material and thick- 
ness for each component as those in Example 1. 
The silicon compound layer 6 was formed on the 
support substrate 1 to a thickness of 0.5 um. The 
loss of light during the propagation and the cou- 
pling loss with an optical fiber of the resultant 
optical waveguide device were measured under the 
same conditions as in Example 1. As a result, 
substantially the same favorable results as those in 
Example 1 were obtained. 

Example 4 

A fourth example of the optical waveguide de- 
vice according to the present invention is shown in 
Figure 5. Referring to Figure 5. components de- 
noted by the reference numerals 2 to 4 and their 
functions are the same as those in Example 1. In 
this example, an Si substrate 11, a semiconductor 
substrate, is used as the support substrate. The Si 
substrate 11 and the low refractive index layer 4 
are bonded through direct bonding. 

The optical waveguide device of this example 
was fabricated using the same material and thick- 
ness for each component as those in Example 1. 
The thickness of the Si substrate 11 was 450 um. 
The loss of light during the propagation and the 



coupling loss with an optical fiber of the resultant 
optical waveguide device were measured under the 
same conditions as in Example 1. As a result, 
substantially the same favorable results as those in 
5 Example 1 were obtained. 

Example 5 

A fifth example of the optical waveguide device 

10 according to the present invention is shown in 
Figure 6. Referring to Figure 6, components de- 
noted by the reference numerals 2 to 4 and 11, 
and their functions are the same as those in Exam- 
ple 4. In addition to the structure of the optical 

15 waveguide device of Example 4, a silicon layer 5 
made of amorphous silicon or polysilicon is formed 
on a surface of the Si substrate 11. The low refrac- 
tive index layer 4 and the silicon layer 5 are 
bonded through direct bonding. 

20 The optical waveguide device of this example 

was fabricated using the same material and thick- 
ness for each component as those in Example 4. 
The silicon layer 5 was formed on the Si substrate 
11 to a thickness of 0.5 um. The loss of light 

25 during the propagation and the coupling loss with 
an optical fiber of the resultant optical waveguide 
device were measured under the same conditions 
as in Example 1. As a result, substantially the 
same favorable results as those in Example 1 were 

30 obtained. 

Example 6 

A sixth example of the optical waveguide de- 
35 vice according to the present invention is shown in 
Figure 7. Referring to Figure 7, components de- 
noted by the reference numerals 2 to 4 and 11, 
and their functions are the same as those in Exam- 
ple 4. In addition to the structure of the optical 
40 waveguide device of Example 4. a silicon com- 
pound layer 6 made of silicon oxide or silicon 
nitride is formed on a surface of the Si substrate 
11. The low refractive index layer 4 and the silicon 
compound layer 6 are bonded through direct bond- 
45 ing. 

-The optical waveguide device of this example 
was fabricated using the same material and thick- 
ness for each component as those in Example 4. 
The silicon compound layer 6 was formed on the 

50 Si substrate 11 to a thickness of 0.5 um. The loss 
of light during the propagation and the coupling 
loss with an optical fiber of the resultant optical 
waveguide device were measured under the same 
conditions as in Example 1. As a result, substan- 

55 tially the same favorable results as those in Exam- 
ple t were obtained. 
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Example 7 

A seventh example of the optical waveguide 
device according to the present invention is shown 
in Figure 8. Referring to Figure 8, components 
denoted by the reference numerals 2 to 4 and their 
functions are the same as those in Example 1. In 
this example, a GaAs or InP substrate 12, a lll-V 
group compound semiconductor substrate, is used 
as the support substrate. The GaAs or InP sub- 
strate 12 and the low refractive index layer 4 are 
bonded through direct bonding. 

The optical waveguide device of this example 
was fabricated using the same material and thick- 
ness for each component as those in Example 1. 
The thickness of the GaAs or InP substrate 12 was 
450 um. The loss of light during the propagation 
and the coupling loss with an optical fiber of the 
resultant optical waveguide device were measured 
under the some conditions as in Example 1. As a 
result, substantially the same favorable results as 
those in Example 1 were obtained. 

Example 8 

An eighth example of the optical waveguide 
device according to the present invention is shown 
in Figure 9. Referring to Figure 9, components 
denoted by the reference numerals 2 to 4 and 12, 
and their functions are the same as those in Exam- 
ple 7. In addition to the structure of the optical 
waveguide device of Example 7, a silicon layer 5 
made of amorphous silicon or polysilicon is formed 
on a surface of the GaAs or InP substrate 12. The 
low refractive index layer 4 and the silicon layer 5 
are bonded through direct bonding. 

The optical waveguide device of this example 
was fabricated using the same materials and thic- 
knesses for each conriponent as those in Example 
7. The silicon layer 5 was formed on the GaAs or 
InP substrate 12 to a thickness of 0.5 um. The loss 
of light during the propagation and the coupling 
loss with an optical fiber of the resultant optical 
waveguide device were measured under the same 
conditions as in Example 1. As a result, substan- 
tially the same favorable results as those in Exam- 
ple 1 were obtained. 

Example 9 

A ninth example of the optical waveguide de- 
vice according to the present invention is shown in 
Figure 10. Referring to Figure 10, components de- 
noted by the reference numerals 2 to 4 and 12, 
and their functions are the same as those in Exam- 
ple 7. In addition^ to the structure of the optical 
waveguide device of Example 7, a silicon com- 
pound layer 6 made of silicon oxide or silicon 



nitride is formed on a surface of the GaAs or InP 
substrate 12. The low refractive index layer 4 and 
the silicon compound layer 6 are bonded through 
direct bonding. 

5 The optical waveguide device of this example 

was fabricated using the same material and thick- 
ness for each component as those in Example 7. 
The silicon compound layer 6 was formed on the 
GaAs or InP substrate 12 to a thickness of 0.5 um. 

w The loss of light during the propagation and the 
coupling loss with an optical fiber of the resultant 
optical waveguide device were measured under the 
same conditions as in Example 1. As a result, 
substantially the same favorable results as those in 

75 Example 1 were obtained. 

Example 10 

A tenth example of the optical waveguide de- 

20 vice according to the present invention is shown in 
Figure 11. Referring to Figure 11, components de- 
noted by the reference numerals 2 to 4 and their 
functions are the same as those in Example 1. In 
this example, a glass substrate 13 is used as the 

25 support substrate. The glass substrate 13 and the 
low refractive index layer 4 are bonded through 
direct bonding. 

The optical waveguide device of this example 
was fabricated using the same material and thick- 

30 ness for each component as those in Example 1. 
The glass substrate 13 is wade of high-purity 
quartz glass having a thickness of 450 um and a 
refractive index of approximately 1 .45 for light hav- 
ing a wavelength band of 1.5 um. The loss of light 

35 during the propagation and the coupling loss with 
an optical fiber of the resultant optical waveguide 
device were measured under the same conditions 
as in Example 1. As a result, substantially the 
same favorable results as those in Example 1 were 

40 obtained. 

Example 1 1 

A eleventh example of the optical waveguide 
45 device according to the present invention is shown 
in Figure 12, Referring to Figure 12. components 
denoted by the reference numerals 2 to 4 and 13, 
and their functions are the same as those in Exam- 
ple 10. In addition to the structure of the optical 
50 waveguide device of Example 10. a silicon layer 5 
made of amorphous silicon or polysilicon is formed 
on a surface of the glass substrate 13. The low 
refractive index layer 4 and the silicon layer 5 are 
bonded through direct bonding. 
55 The optical waveguide device of this example 

was fabricated using the same materials and thic- 
knesses for each component as those in Example 
10. The silicon layer 5 was formed on the glass 
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substrate 13 to a thickness of 0.5 um. The loss of 
light during the propagation and the coupling loss 
with an optical fiber of the resultant optica! 
waveguide device were measured under the sanne 
conditions as in Example 1. As a result, substan- 
tially the same favorable results as those in Exam- 
ple 1 were obtained. 

Example 12 

A twelfth example of the optical waveguide 
device according to the present invention is shown 
in Figure 13. Referring to Figure 13, components 
denoted by the reference numerals 2 to 4 and 13, 
and their functions are the same as those in Exam- 
ple 10. In addition to the structure of the optical 
waveguide device of Example 10, a silicon com- 
pound layer 6 made of silicon oxide or silicon 
nitride is formed on a surface of the glass substrate 
13. The tow refractive index layer 4 and the silicon 
compound layer 6 are bonded through direct bond- 
ing. ' 

The optical waveguide device of this example 
was fabricated using the same materials and thic- 
knesses for each component as those in Example 
10. The silicon compound layer 6 was formed on 
the glass substrate 13 to a thickness of 0.5 um. 
The loss of light during the propagation and the 
coupling loss with an optical fiber of the resultant 
optical waveguide device were measured under the 
same conditions as in Example 1. As a result, 
substantially the same favorable results as those in 
Example 1 were obtained. 

Example 13 

A thirteenth example of the optical waveguide 
device according to the present Invention is shown 
in Figure 14. Referring to Figure 14, components 
denoted by the reference numerals 2 and 3 and 
their functions are the same as those in Example 1 . 
In this example, a glass substrate 14 of which 
refractive index is lower than that of the glass 
substrate 2 having the optical waveguide portion 3 
is used as the support substrate. The glass sub- 
strates 2 and 14 are bonded through direct bond- 
ing. 

The optical waveguide device of this example 
was fabricated using high-purity quartz glass hav- 
ing refractive indices of 1.40 and 1.45 for light 
having a wavelength of 1.5 um band for the glass 
substrate 14 as the support substrate and the glass 
substrate 2. respectively. The thicknesses of the 
glass substrate 14. the glass substrate 2 except the 
optical waveguide portion 3, and the optical 
waveguide portion 3 are 450 am, 4 um, and 10 
um, respectively. The loss of light during the prop- 
agation and the coupling loss with an optical fiber 



of the resultant optical waveguide device were 
measured under the same conditions as in Exam- 
ple 1 . As a result, substantially the same favorable 
results as those in Example 1 were obtained. 

5 

Example 14 

A fourteenth example of the optical waveguide 
device according to the present invention is shown 

10 in Figure 15. Referring to Figure 15. components 
denoted by the reference numerals 2, 3 and 14, 
and their functions are the same as those in Exam- 
ple 13. In addition to the structure of the optical 
waveguide device of Example 13, a silicon layer 5 

/5 made of amorphous silicon or polysilicon is formed 
on the surface of the glass substrate 14 as the 
support substrate. The glass substrate 2 and the 
silicon layer 5 are bonded through direct bonding. 
The optical waveguide device of this example 

20 was fabricated using the same materials and thic- 
knesses for each component as those in Example 

13. The silicon layer 5 was formed on the glass 
substrate 14 to a thickness of 0.5 um. The loss of 
light during the propagation and the coupling loss 

25 with an optical fiber of the resultant optical 
waveguide device were measured under the same 
conditions as in Example 1. As a result, substan- 
tially the same favorable results as those in Exam- 
ple 1 were obtained. 

30 ■ 

Example 15 

A fifteenth example of the optical waveguide 
device according to the present Invention is shown 

35 in Figure 16. Referring to Figure 16, components 
denoted by the reference numerals 2, 3 and 14, 
and their functions are the same as those in Exam- 
ple 13. In addition to the structure of the optical 
waveguide device of Example 13, a silicon com- 

40 pound layer 6 made of silicon oxide or silicon 
nitride is formed on a surface of the glass substrate 

14. The glass substrate 2 and the silicon com- 
pound layer 6 are bonded through direct bonding. 

The optical waveguide device of this example 
45 was fabricated using the same materials and thic- 
knesses for each component as those in Example 
13. The silicon compound layer 6 was formed on 
the glass substrate 14 to a thickness of 0.5 um. 
The loss of light during the propagation and the 
50 coupling loss with an optical fiber of the resultant 
optical waveguide device were measured under the 
same conditions as in Example 1. As a result, 
substantially the same favorable results as those in 
Example 1 were obtained. 

55 



8 



15 



EP 0 598 395 A1 



16 



Example 16 

A sixteenth example of the optical waveguide 
device according to the present invention is shown 
in Figure 17. which is a sectional view taken along 
optical waveguide portions of a glass substrate. 
Referring to Figure 17, a dielectric support sub- 
strate 21 is made of lithium niobate or lithium 
tantalate which is a dielectric having the electroop- 
tic effect. Optical waveguide portions 22 and 23 
formed as a part of the glass substrate correspond 
to the optical waveguide portion 3 in Example 1. 
Optical fibers 26 and 27 are coupled to the optical 
waveguide portions 22 and 23. Low refractive index 
layers 24 and 25 are glass layers or other thin films 
having a refractive index lower than that of the 
optical waveguide portions 22 and 23. The low 
refractive index layers 24 and 25 can be formed by 
a conventional thin film technology. An optical de- 
vice 28 such as a waveguide type optical modula- 
tor capable of using the electrooptic effect is 
formed on the dielectric support substrate 21. Op- 
tical waveguides 29 and 30 are formed on the 
dielectric support, substrate 21. so as to form 
waveguide type optical directional couplers togeth- 
er with the optical waveguide portions 22 and 23 
through the low refractive index layers 24 and 25. 
respectively. The optical waveguides 29 and 30 
can be formed by a conventional thin film technol- 
ogy. The low refractive index layers 24 and 25 and 
the optical waveguides 29 and 30 are bonded 
through direct bonding. 

The operation and function of the above-de- 
scribed optical waveguide device of this example 
will be described. 

A light signal transmitted from outside through 
the optical fiber 26 is coupled to the optical 
waveguide portion 22 with a low coupling loss. The 
light signal is then guided to the optical directional 
coupler composed of the optical waveguide portion 
22 and the optical waveguide 29. 

The optical directional coupler is an optical 
device composed of two optical waveguides dis- 
posed in parallel with each other in which substan- 
tially all energy of light propagating in one optical 
waveguide can be transferred to the other when the 
light has propagated in the former optical 
waveguide by a predetermined distance. This is 
achieved by appropriately setting the distance be- 
tween the two optical waveguides (vertical to the 
light propagation), the length of the optical 
waveguides (along the light propagation), the width 
thereof (vertical to the light propagation and along 
the substrate), and the thickness thereof (vertical to 
the substrate). 

In this example, the optical directional coupler 
Is formed by appropriately setting the shapes, 
sizes, and refractive indices of the optical 



waveguide portion 22, the low refractive index layer 
24, and the optical waveguide 29 so that all of the 
light energy introduced to the optical waveguide 
portion 22 can be transferred to the optical 
5 waveguide 29. Accordingly, the light introduced 
from the optical fiber 26 can be transferred to the 
optical waveguide 29 with a significantly low loss of 
light. The optical waveguide 29 is coupled to the 
optical device 28 which Is for example an optical 
10 modulator, where processing such as optical modu- 
lation Is conducted. 

The light output from the optical device 28 is 
then introduced into the optical waveguide 30. The 
optical waveguide 30 constitutes another optical 
15 directional coupler together with the optical 
waveguide portion 23 formed thereon .with the low 
refractive index layer 25 interposed therebetween. 
The light energy propagating in the optical 
waveguide 30 Is transferred to the optical 

20 waveguide portion 23 by the function as the optical 
directional coupler as described above. Then, the 
light is coupled to the optical fiber 27 with a low 
coupling loss to be transmitted outside. 

Thus, the optical waveguide portion of the 

25 glass substrate and the dielectric substrate having 
the optical device capable of using the electrooptic 
effect can be optically coupled. This realizes the 
integration of the optical waveguide with an optical 
device which can provide a high-level function. 

30 More specifically, the optical waveguide portion of 
the glass substrate can have the shape, size, and 
refractive index matched with those of the optical 
fiber. Therefore, the coupling loss can be signifi- 
cantly reduced compared with the case where the 

35 optical fiber Is coupled to an optical waveguide 
formed In a material having a large refractive index 
such as lithium niobate and lithium tantalate. Fur- 
ther, the optical waveguide portion of the glass 
substrate produces a significantly low loss of light 

40 during the propagation therethrough compared with 
the optical waveguide formed in the dielectric sub- 
strate. According to this example, such an optical 
waveguide can be integrally formed with an optical 
device made of dielectric materials having an elec- 

45 trooptic effect with high efficiency. Further, since 
the low refractive index layers 24 and 25 and the 
optical waveguides 29 and 30 are bonded through 
direct bonding, It Is possible to fabricate the optical 
waveguide device with a precision in a fraction of 

50 the wavelength of the light. 

Example 17 

A seventeenth example of the optical 
55 waveguide device according to the present inven- 
tion is shown in Figure 18, which Is a sectional 
view taken along an optical waveguide portion of a 
glass substrate. Referring to Figure 18, compo- 
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nents denoted by the reference numerals 3, 4 and 

11. and their functions are the same as those in 
Example 4. In this example, an end reflecting por- 
tion 31 is formed on an end face of the optical 
waveguide portion 3, and a photodiode 32 is 
formed in the Si substrate 11. An optical fiber 33 is 
coupled to the optical waveguide portion 3. The 
structures of the optical waveguide portion 3, the 
low refractive index layer 4. and the Si substrate 11 
are the same as those in Example 4. The low 
refractive index layer 4 is bonded through direct 
bonding with the Si substrate 11. 

A light signal transmitted from outside through 
the optical fiber 33 is coupled to the optical 
waveguide portion 3 with a low coupling loss. The 
light signal propagating in the optical waveguide 
portion 3 is then reflected by the end reflecting 
portion 31 formed on the other end of the optical 
waveguide portion 3 toward the Si substrate 11. 
According to this example, the photodiode 32 is 
formed in a portion of the Si substrate 11 where 
the light is incident, so that the light signal intro- 
duced into the optical waveguide portion 3 can be 
converted into an electrical signal. 

With the above structure, the optical waveguide 
portion of the glass substrate and the optical de- 
vice in the Si semiconductor substrate can be 
optically coupled. This realizes the integration of 
the optical waveguide with an optical device which 
can provide a high-level function. Though not 
shown in Figure 18, an electronic device such as 
various types of transistors may also be formed in 
a portion of the Si substrate 11 other than the 
portion where the photodiode 32 is formed, so that 
the electric signal converted from the light signal 
can be amplified. Thus, according to this example, 
the optical waveguide with a low loss of light during 
the propagation and a low coupling loss can be 
integrally formed with an Si semiconductor elec- 
trooptic circuit with high efficiency. 

Example 18 

An eighteenth example of the optical 
waveguide device according to the present inven- 
tion is shown in Figure 19. which is a sectional 
view taken along an optical waveguide portion of a 
glass substrate. Referring to Figure 19. compo- 
nents denoted by the reference numerals 3, 4 and 

12. and their functions are the same as those in 
Example 7. In this example, the end reflecting 
portion 31 is formed on an end face of the optical 
waveguide portion 3 as in Example 17, and a 
surface emitting type semiconductor laser 34 is 
formed in the GaAs or InP substrate 12. The optical 
fiber 33 is coupled to the optical waveguide portion 
3. The structures of the optical waveguide portion 
3, the low refractive index layer 4, and the GaAs or 



InP support substrate 12 are the same as those in 
Example 7. The low refractive index layer 4 is 
bonded through direct bonding with the GaAs or 
InP substrate 12. 

5 A light signal generated by the semiconductor 

laser 34 is reflected by the end reflecting portion 
31 toward the optical waveguide portion 3, and 
then transmitted outside through the optical fiber 
33 coupled to the optical waveguide portion 3 with 

10 a low coupling loss. 

With the above structure, the optical waveguide 
portion of the glass substrate and the GaAs or InP 
substrate can be optically coupled. This realizes 
the integration of the optical waveguide with an 

16 optical device which can provide a high-level func- 
tion. Though not shown in Figure 19, an electronic 
device such as various types of transistors may 
also be formed in a portion of the GaAs or InP 
substrate 12 other than the portion where the semi- 

20 conductor laser 34 is formed, so as to provide a 
function for operating the semiconductor laser 34. 
Thus, according to this example, the optical 
waveguide with a low loss of light during the propa- 
gation and a low coupling loss can be integrally 

25 formed with a GaAs or InP semiconductor elec- 
trooptic circuit with high efficiency. 

Example 19 

30 An nineteenth example of the optical 

waveguide device according to the present inven- 
tion is shown in Figure 20, which is a sectional 
view taken along an optical waveguide portion of a 
glass substrate. Referring to Figure 20, on the 

35 upper surface of a first glass substrate 41 as the 
support substrate, a second glass substrate is 
formed with a low refractive index layer 43 inter- 
posed therebetween. The second glass substrate 
includes an optical waveguide portion 42 as part 

40 thereof. The low refractive index layer 43 has a 
refractive index lower than that of the second glass 
substrate. An optical waveguide 44 is formed on 
the bottom surface of the first glass substrate 41. 
End reflecting portions 45 and 46 are formed on 

45 end faces of the optical waveguide portion 42 and 
the optical waveguide 44. respectively, so that they 
oppose to each other'. An optical fiber 47 is coup- 
led to the optical waveguide portion 42. The first 
glass substrate 41 and the low refractive index 

50 layer 43 are bonded through direct bonding. 

A light signal transmitted from outside through 
the optical fiber 47 is coupled to the optical 
waveguide portion 42 with a low coupling loss. The 
light signal introduced into and propagating in the 

55 optical waveguide portion 42 is optically coupled to 
the optical waveguide 44 through the end reflecting 
portions 45 and 46 with a significantly low loss. 
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The optical waveguide 44 may be formed on 
the bottom surface of the first glass substrate 41 
before the bonding by a conventional method such 
as Ti diffusion. The end reflecting portions 45 and 
46 can be formed by processing the end faces of 
the glass substrates before the bonding into a 
shape inclined at an appropriate angle such as 45 • 
by grinding or the like, so as to form an optical 
reflecting film by which all of the propagating light 
signals can be reflected at an angle such as 45 * . 

With the above structure, the light signal can 
be transferred to the optical waveguide across the 
substrate. Thus, the optical waveguide device can 
be provided with a high-level function. 

Example 20 

A twentieth example of the optical waveguide 
device according to the present invention is shown 
in Figure 21. Referring to Figure 21. components 
denoted by the reference numerals 2 to 4, and 
their functions are the same as those in Example 1 . 
A support substrate 51 can be made of any of the 
materials described, jn the preceding examples in- 
cluding a dielectric such as lithium niobate and 
lithium tantalate, glass, and a semiconductor. On 
the entire surface of the glass substrate 2 including 
the optical waveguide portion 3. a clad layer 52 
having a refractive index lower than that of the 
optical waveguide portion 3 is formed. The clad 
layer 52 is practically made of silicon oxide or 
silicon nitride which can be easily formed by 
chemical vapor deposition or the like. 

With the above structure in which the optica! 
waveguide portion is sandwiched by the layers with 
a low refractive index, light can be more effectively 
confined in the optical waveguide portion 3, and 
thus can be more easily coupled to an optical fiber. 

Example 21 

A first example of the method for fabricating 
the optical waveguide device according to the 
present invention will be described with reference 
to the production flow chart shown in Figure 22. 

First, a surface of a support substrate which is 
to be bonded with a glass substrate is sufficiently 
cleaned. The cleaned surface is then subjected to 
a hydrophilic treatment. When the support sub- 
strate is made of a dielectric such as lithium 
niobate and lithium tantalate, glass, or an Si semi- 
conductor, the surface of the support substrate can 
be made hydrophilic by slightly etching the surface 
using a hydrofluoric acid etchant and then immers- 
ing it in an ammonia/hydrogen peroxide solution. 
When the support substrate is a GaAs or InP 
semiconductor, the surface is made hydrophilic by 
a process similar to the above using, in this case, a 



sulfuric acid/hydrogen peroxide etchant for the 
etching of the surface. Thereafter, the support sub- 
strate is immersed in pure water to be cleaned. By 
this hydrophilic treatment, hydroxyl groups are 

5 generated on the surface of the support substrate 
and adsorb water molecules, making the surface 
highly hydrophilic. 

As for the glass substrate having an optical 
waveguide portion, a layer made of glass, silicon 

w oxide, or silicon nitride having a refractive index 
lower than the material of the glass substrate is 
formed on the glass substrate by chemical vapor 
deposition or the like, as required. Thereafter, the 
surface of such a layer is cleaned and subjected to 

75 the hydrophilic treatment. The process of the hy- 
drophilic treatment on this layer is substantially the 
same as that on the support substrate described 
above. 

The above two hydrophilic surfaces of the sup- 

20 port substrate and the low refractive index layer 
formed on the glass substrate are then attached to 
each other. They are bonded through direct bond- 
ing by the hydrogen bond among the hydroxyl 
groups and the adsorbed water molecules on the 

25 surfaces. The bonded surfaces are then heated. By 
this heat treatment, the adsorbed water molecules 
are gradually desorbed from the bonded interface. 
As a result, the direct bonding is further streng- 
thened by the hydrogen bond among the surface 

30 hydroxy! groups and the covalent bond formed due 
to the desorption of the water molecules and the 
condensation of the hydrogen-bonded hydroxyl 
groups. The strength of the direct bonding depends 
upon the materials of the substrates. Some material 

35 may provide a bonding strength large enough for a 
practical use, so that only one substrate can be 
subjected to the hydrophilic treatment. There is 
also a material capable of providing a bonding 
strength large enough for a practical use without 

40 being heated. 

After the direct bonding, the surface of the 
glass substrate can be thinned to a predetermined 
thickness by grinding, cutting, etching, or the like. 
Subsequently, an optical waveguide is formed. 

45 This is performed by etching the glass substrate so 
as to obtain a portion thereof which is thicker than 
the other portion, or by diffusing a substance hav- 
ing a high refractive index in a portion of the glass 
substrate so as to increase the refractive index of 

50 the portion compared with the other portion. In the 
former method, a photolithographic technology is 
employed so as to form a resist on the portion of 
the glass substrate where the optical waveguide is 
to be formed and, using the resist as a mask, the 

55 other portion is etched to be made thinner, thus 
forming a ridge-type optica! waveguide. In the latter 
method, a layer of metal such as Ti is formed on 
the portion where the optical waveguide is to be 
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formed by vacuum evaporation or photolithography, 
and then the metal is diffused by heat treatment. 
The diffused portion has a refractive index higher 
than the other portion, so that an optical waveguide 
can be formed. The optical waveguide can be 
formed into any shape so as to obtain a desired 
type of the optical waveguide device. 

The typical shape, size, and refractive index of 
each component are as described in Example 1. 
The initial thickness of the glass substrate is prefer- 
ably large enough to be durable for handling and to 
be easily made thinner. Such a thickness is gen- 
erally in the range of 100 to 1000 um. 

The heat treatment for strengthening the direct 
bonding is effective at 100 'C or more. The tem- 
perature can be raised so far that it does not 
exceed the softening point of the glass substrate 
used. A temperature close to 1000 'C is possible 
by using materials with a high softening tempera- 
ture and a high melting point if the thermal expan- 
sions of the support substrate and the glass sub- 
strate are matched. It is also possible to enhance 
the bonding strength at a lower temperature by 
applying a high electric field to the bonded inter- 
face at the heat treatment. 

By this direct bonding, the surface of the sub- 
strate can be sufficiently made flat, which makes it 
easier to precisely control the thickness of each 
portion at a later thinning process. Further, since a 
wide range of materials can be used for the glass 
substrate, the optical waveguide device with a low 
loss of light during the propagation and a low 
coupling loss as described in the preceding exam- 
ples can be obtained. Since a bulk material is used 
for the optical waveguide portion, the resultant op- 
tical waveguide device is excellent in the char- 
acteristics and reproducibility, and suitable for 
mass production, compared with the case of for- 
ming an optical waveguide by a thin film technol- 
ogy. 

Example 22 

A second example of the method for fabricat- 
ing the optical waveguide device according to the 
present invention will be described. 

First, a process requiring a temperature higher 
than that at a later heat treatment for the direct 
bonding is conducted. This includes a series of 
processes for forming an electronic device and an 
optical device including a diffusion process. Thus, 
an electronic device such as a photodiode and an 
optical device such as an optical modulator and an 
optical waveguide are formed in predetermined 
portions in the support substrate. 

Then, a silicon layer or a silicon compound 
layer is formed on a surface of a support substrate 
by chemical vapor deposition or sputtering. The 



silicon may be polysilicon or amorphous. The sili- 
con compound may be silicon oxide or silicon 
nitride. The film thickness is approximately 0.5 am, 
for example. 

5 Then, as described in Example 21, the ex- 

posed surface of the silicon layer or the silicon 
compound layer is sufficiently cleaned and sub- 
jected to the hydrophilic treatment- Thereafter, pro- 
cess similar to those described in Example 21 is 

w conducted, so as to obtain the optical waveguide 
device as shown in preceding examples such as 
Examples 2 and 3. 

Example 23 

A third example of the method for fabricating 
the optical waveguide device according to the 
present invention will be described. 

In this example, in addition to the method of 

20 Example 21, an end reflecting portion is formed on 
an end face of a glass substrate having a low 
refractive index layer formed thereon. To form end 
reflecting portion, the end face is processed into an 
inclined shape at an appropriate angle by grinding 

25 or the like before the direct bonding. An antireflec- 
tion coating is then formed on the inclined face by 
vacuum evaporation or the like. The antireflection 
coating selectively reflects light having a predeter- 
mined wavelength to allow such light to propagate 

30 in the optical waveguide, while preventing light 
having the other wavelength from reflecting there- 
from. 

Thereafter, the glass substrate and a semicon- 
ductor substrate as the support substrate are bon- 

35 ded through direct bonding as described in Exam- 
ple 21 so that, in this case, the end reflecting 
portion can be properly positioned with regard to 
the semiconductor substrate, for example, above a 
photodiode formed in the semiconductor substrate. 

40 An optical waveguide portion is also formed as 
described in Example 21. In this way, an optical 
waveguide device as shown in Examples 17, 18 
and 19 can be obtained in which the optical 
waveguide portion and an optical device in the 

45 support substrate are optically coupled. 

The angle of the inclined face is 45*, for 
example, and a multi-layer film made of silicon 
oxide/titanium oxide can be used for the antireflec- 
tion coating. 

50 In the above examples, GaAs or InP was used 

as the lll-V group compound semiconductor for the 
support substrate. Other lll-V group compound 
semiconductors such as AIGaAs and InGaAsP can 
also be used instead of GaAs and InP since the 

55 chemical properties of the surfaces of these semi- 
conductors are significantly similar to one another. 

The sizes of the components shown in the 
above examples are only illustrative and not restric- 
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tive. 

In the above examples, the ridge-type optical 
waveguide formed by thickening a portion of the 
glass substrate compared with the other portion 
was shown. However, other types of optical 5 
waveguides can also be formed by other technol- 
ogies including the diffusion of ions such as Ti and 
proton exchanging. 

Thus, the structure and the method according 
to the present invention have advantages as fol- ;o 
lows: 

(1) The glass optical waveguide can be integ- 
rally formed on a dielectric substrate having the 
electrooptic effect or on a semiconductor sub- 
strate having an electronic device and an optical ;5 
device. Since the glass optical waveguide can 

be optically coupled with the optical device 
formed in the dielectric substrate, the dielectric 
optical device having an excellent response and 
controllability can be coupled with an optical 20 
fiber with a low coupling loss. 

(2) Substantially any glass materials can be 
used for the optical waveguide. Accordingly, by 
properly selecting the glass material, an optical 
waveguide device with a significantly low loss of 25 
light during;- the .propagation can be achieved. 
Further, by properly selecting the glass material, 

the refractive indices of the optical waveguide 
and the optical fiber can be matched, allowing it 
to obtain anvoptical waveguide device with a low 30 
coupling loss:: 

(3) An optical . waveguide having a sectional 
shape similar to that of the core portion of the 
optical fiber can be formed. Also, since a bulk 
material is used, the optical waveguide can be 35 
thicker, compared with the case of forming an 
optical waveguide by a thin film technology. 
This results in markedly enhancing the produc- 
tivity of the resultant optical waveguide device. 

(4) Since no adhesive agent or the like is used 40 
for any bonding through the fabrication of the 
optical waveguide device, sizes can be. precisely 
controlled during the process, providing an op- 
tical waveguide device with excellent properties. 
Further, since no organic materia! is used, the 45 
resultant optical waveguide device is excellent in 

the temperature characteristics, environmental 

resistance, and reliability. 
Various other modifications will be apparent to 
and can be readily made by those skilled in the art so 
without departing from the scope and spirit of this 
invention. Accordingly, it is not intended that the 
scope of the claims appended hereto be limited to 
the description as set forth herein, but rather that 
the claims be broadly construed. 55 



Claims 

1. An optical waveguide device comprising a sup- 
port substrate and a glass substrate bonded 
through direct bonding with the support sub- 
strate, wherein the glass substrate includes an 
optical waveguide as part thereof. 

2. An optical waveguide device according to 
claim 1. wherein the support substrate is a 
dielectric substrate. 

3. An optical waveguide device according to 
claim 2, wherein the dielectric substrate has an 
electrooptic effect. 

4. An optical waveguide device according to 
claim 3. wherein the dielectric substrate is 
made of lithium niobate or lithium tantalate. 

5. An optical waveguide device according to 
claim 1. wherein the support substrate is a 
glass substrate. 

6. An optical waveguide device according to 
claim 1. wherein the support substrate is a 
semiconductor substrate. 

7. An optical waveguide device according to 
claim 6, wherein the semiconductor substrate 
is made of silicon. 

8. An optical waveguide device according to 
claim 6, wherein the semiconductor substrate 
is made of a lll-V group compound semicon- 
ductor. 

9. An optical waveguide device according to 
claim 8, wherein the semiconductor substrate 
is made of GaAs. 

10. An optical waveguide device according to 
claim 8, wherein the semiconductor substrate 
is made of InP. 

11. An optical waveguide device comprising a sup- 
port substrate, a glass substrate, and a thin 
film layer formed on a surface of at least one 
of the support substrate and the glass sub- 
strate, wherein the support substrate and the 
glass substrate are bonded through direct 
bonding with each other through the thin film 
layer, and the glass substrate includes an op- 
tica! waveguide as part thereof. 

12. An optical waveguide device according to 
claim 11, wherein the support substrate is a 
dielectric substrate. 
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13. An optical waveguide device according to 
claim 12, wherein the dielectric substrate has 
an electrooptic effect. 

14. An optical waveguide device according to 
claim 13, wherein the dielectric substrate is 
made of lithium niobate or lithium tantalate. 

1 5. An optical waveguide device according to 
claim 11, wherein the support substrate is a 
glass substrate. 

16. An optical waveguide device according to 
claim 11, wherein the support substrate is a 
semiconductor substrate. 

17. An optical waveguide device according to 
claim 16, wherein the semiconductor substrate 
is made of silicon. 

18. An optical waveguide device according to 
claim 16, wherein the semiconductor substrate 
is made of a lll-V group compound semicon- 
ductor. 

19. An optical waveguide device according to 
claim 18, wherein the semiconductor substrate 
is made of GaAs. 

20. An optical waveguide device according to 
claim 18, wherein the semiconductor substrate 
is made of InP. 

21. An optical waveguide device according to 
claim 1 1. wherein the thin film layer is a silicon 
layer. 

22. An optical waveguide device according to 
claim 1 1, wherein the thin film layer is a silicon 
compound layer. 

23. An optical waveguide device according to 
claim 22, wherein the silicon compound layer 
is made of silicon oxide. 

24. An optical waveguide device according to 
claim 22, wherein the silicon compound layer 
is made of silicon nitride. 

25. An optical waveguide device according to 
claim 22, wherein the refractive index of the 
thin film layer is lower than that of the glass 
substrate. 

26. An optical waveguide device according to 
claim 21, wherein the silicon layer is made of 
amorphous silicon. 



27. An optical waveguide device according to 
claim 21. wherein the silicon layer is made of 
polysilicon. 

5 28. An optical waveguide device according to 
claim 1, wherein a layer having a refractive 
index lower than that of the glass substrate is 
formed on a surface of the glass substrate, and 
the layer is bonded through direct bonding 

JO with the support substrate, 

29. An optical waveguide device according to 
claim 11, wherein a layer having a refractive 
index lower than that of the glass substrate is 

/5 formed on a surface of the glass substrate, and 

the layer is bonded through direct bonding 
with the support substrate. 

30. An optical waveguide device according to 
20 claim 1 , wherein the support substrate and the 

optical waveguide in the glass substrate are 
optically coupled with each other. 

31. An optical waveguide device according to 
25 claim 11, wherein the support substrate and 

the optical waveguide in the glass substrate 
are optically coupled with each other. 

32. An optical waveguide device according to 
30 claim 29. wherein the optical coupling between 

the support substrate and the optical 
waveguide in the glass substrate is effected by 
an optical directional coupler composed of the 
optical waveguide in the glass substrate and 
35 an optical waveguide formed in the support 

substrate. 

33. An optical waveguide device according to 
claim 29, wherein the optical coupling between 

40 the support substrate and the optical 

waveguide in the glass substrate is effected by 
an end reflecting portion formed at the optical 
waveguide in the glass substrate. 

45 34. An optical waveguide device according to 
claim 1. wherein an optical device is formed in 
the support substrate. 

35. An optical waveguide device according to 
50 claim 11. wherein an optical device is formed 

in the support substrate. 

36. An optical waveguide device according to 
claim 6, wherein an electronic device and/or an 

55 optical device is formed in the semiconductor 

substrate. 
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37. An optical waveguide device according to 
claim 16, wherein an electronic device and/or 
an optical device is formed in the semiconduc- 
tor substrate. 

5 

38. An optical waveguide device according to 
claim 5, wherein the refractive index of the 
glass substrate as the support substrate is 
lower than that of the glass substrate having 

the optical waveguide. ;o 

39. An optical waveguide device according to 
claim 15, wherein the refractive index of the 
glass substrate as the support substrate is 
lower than that of the glass substrate having ;5 
the optical waveguide. 

40. A method for fabricating an optical waveguide 
device comprising the steps of: 

providing a support substrate having a first 20 
surface and a second surface opposing each 
other and a glass substrate having a first sur- 
face and a second surface opposing each oth- 
er; 

exposing at least one of the first surface of 25 
the support substrate and the second surface 
of the glass substrate to a hydrophilic treat- 
ment; 

attaching the first surface of the support 
substrate and the second surface of the glass 30 
substrate to each other; 

heating the attached support substrate and 
the glass substrate; 

thinning the glass substrate; and 

forming an optical waveguide In the 35 
thinned glass substrate. 

41. A method for fabricating an optical waveguide 
device according to claim 40 further compris- 
ing before the hydrophilic treatment a step of: 40 

forming a thin film layer on at least one of 
the first surface of the support substrate and 
the second surface of the glass substrate. 

42. A method for fabricating an optical waveguide 45 
device according to claim 41, wherein the thin 

film layer is a silicon layer or a silicon com- 
pound layer. 
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